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@ High resolution ellipsometric apparatus. 


® A laser (32) generates a probe beam (34) which is passed through a polarization section (36) to give the 
beam a known polarization state. The probe beam (34) is then tightly focused witli a high numerical aperture 
lens (46) onto the surface of the sample (40. 42). The polarization state of the reflected probe beam is analyzed 
(48). The angle of incidence of one or more rays in the incident probe beam Is determined by a detector (50) 
based on the radial position of the rays within the reflected probe beam. This approach provides enhanced 
spatial resolution and allows measurement over a wide spread of angles of incidence without adjusting the 
position of the optical components. Multiple angle of Incidence measurements are greatly simplified. Data from 
the detector (50). and a rotatable polarization filter (330) are supplied to a processor (52) that carries out the 
ellipsometric calculations. 
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HIGH RESOLUTION ELUPSOMETRIG APPARATUS 


Technical Fieid 

The subject invention relates to a high resolution ellipsometric apparatus for studying physical 
properties of a sample. 

5 • • 

Background of the Invention 

Ellipsometry Is a nondestructive technique for studying the physical properties of a sample based on 

10 changes induced In the polarization state of a light beam Interacting with the sample. In all ellipsometer 
systems, a light beam having a known polarization state Is reflected from or transmitted through the sample. 
The polarization state of the beam after it interacts with the sample is then measured. The differences in the 
polarization state of the beam before and after the interaction with the sample can be used to calculate 
parameters of the sample. In the subject application, the term polarization state is intended to mean the 

15 respective amplitudes and phase difference between the p and s polarization components. 

The most common form of ellipsometry is reflection ellipsometry where a light beam is directed at an 
oblique angle of incidence to the sample surface. The polarization state of the reflected beam Is measured 
to derive Information about the surface of the material. Common parameters which are studied include the 
index of refraction and extinction coefficient of the sample. More recently, reflection ellipsometry has been 

20 proposed to study carrier densities in a semiconductor wafer (See U.S. Patent No. 4.472,663, issued 
September 18, 1984 to Motooka). The most common industry use for ellipsometers is in the characteriza- 
tion of thin film layers on semiconductor samples. Reflection ellipsometry is the best nfiethod available for 
measuring the thickness of very thin layers on semiconductors. 

It is also possible to use ellipsometric techniques to analyze a light beam which Is transmitted through a 

25 sample. This method is referred to as transmission ellipsometry or polarimetry. As in reflection ellipsometry, 
the polarization state of the incoming beam is compared to the polarization state of tiie beam after it has 
passed through the sample. Polarimetry is used to study bulk properties of transparent materials such as 
the birefringence of crystals. For the sake of simplicity, the discussion in the remainder of this application 
will be limited to reflection ellipsometry. however, the subject invention Is applicable to both reflection and 

.30 transmission ellipsometry. 

Turning to Figure 1 , there is illustrated the basic form of a prior art ellipsometer for evaluating the 
parameters of a sample 10. As shown therein, a means, such as laser 12, generates a beam of radiation 14. 
This bearn is passed through a polarizing section 16 for creating a known polarization state of the beam. 
The polarization section 16 can include one or more components which will be discussed below. The beam 

35 is then reflected off the sample at an oblique angle of incidence e with respect to the normal N as shown in 
Figure 1. The reflected beam is then passed through an analyzing section 18 forjsolating the polarization 
state of the reflected beam. The intensity of the beam is then measured by a photodetector 20. A processor 
22 can then be used to determine parameters of the sample 10 by comparing the polarization state of the 
input beam with the polarization state of the reflected beam. 

40 There are a wide variety of ellipsometer schemes which have been developed in the prior art. A 
thorough discussion of many prior art systems can be found in the comprehensive text by R.M.A. Azzam 
and N.M. Bashara entitied. Ellipsometry and Polarized Light , North Holland Publishing Co., New York. New 
York, 1977. In the latter text, significant detail is provided as to the various types of optical corhponents 
which can be used in the polarization and analyzing sections 16 and 18. Due to the non-directional nature of 

45 optical laws, the sequence in which these various optical components are disposed may be interchanged. 
Typically, the components utilized can include a linear or circular polarizer, a birefringent device often 
referred to as a compensator, and a linear or circular analyzer. In operation, one or more of these elements 
are rotated about the azimuth in a manner to vary the polarization state of the beam. Information about 
sample parameters is derived from the photodetector output as it relates to the azimuthal positions of the 

so various elements. 

One of the earliest developed ellipsdmetric methods is called null ellipsometry. In null ellipsometry. the 
change in state of polarization which is caused by the sample is compensated by suitable adjustment of the 
polarizing and analyzing sections such that the reflected light beam Is extinguished by the analyzing 
section. More, specifically, the azimuthal angle of the elements are rotated until a null or minimum level 
intensity is measured by the detector. 
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In a photometric ellipsometer, no effort Is made to extinguish the light reaching the detector. Rather, the 
level of light intensity recorded by the detector is measured and compared with the azimuth angles of the 
components in the polarizing and analyzing sections to derive information about the sample. The processor 
utilizes mathematical models, including Fresnel equations, to determine the sample parameters. As 
described in detail In the Azzam and Bashara text, the mathematical models typically include a calculation 
for the "ellipsometric parameters" and B. These parameters are related to the relative magnitudes of the p 
and s polarization states of the reflected beams as well as the phase delay between those two polarizations 
by the following equations: 
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There are many other ellipsometric techniques that are found in the prior art and will be mentioned 
. briefly below. One such technique is modulated ellipsometry wherein small changes in the optical 
parameters of a surface that are induced by an external field are measured. (See, Azzam, page 265.) 
Another approach is interferonfietrlc ellipsometry. (See, Azzam, page 262 and In U.S. Patent No. 4,762,414 
issued August 9. 1980 to Grego.) In another approach, the reflected probe beam is split into two or more 
beams and measured by different detectors. (See, U.S. Patent No. 4,585,384, issued April 29, 1986 to 
Chastang.) 

A new approach is disclosed In U.S. Patent No. 4.725,145, issued February 16, 1988 to Azzam. In the 
latter patent, the detector is arranged in a manner to simultaneously function as the analyzer section, r/lore 
specifically, the detector is arranged to be polarization sensitive and has a partially specularly reflecting 
surface intended to Isolate radiation of a certain polarization sate. While the approach in Azzam reduces the 
number of components, the system is still like other prior art devices in that the polarization state of the 
reflected probe beam must be known. As will be seen below, the subject Invention can be used- to 
substantially improve any of the above described ellipsometric methods and apparatus. 

As can be appreciated from the above discussion, each of the ellipsometric methods in the prior art 
require that the Incoming beam strike the surface of the sample at an oblique angle of incidence. This has 
always been performed by directing the entire beam at an oblique angle with respect to the sample surface 
and having an independent detection system aligned with the reflected beam for capturing, analyzing and 
measuring the beam. This approach has some serious I'rmltations. First of all, the beam generation and 
collection components must be accurately aligned. This alignment must be accurate as to both the angle of 
incidence and reflection of the beam and the azimuthal angles of the incoming beam. The term azimuthal 
angle In this sense relates to variations in and out of the plane of the paper of Figure 1 . rather than rotation 
about the direction of travel of the beam which is refevanf when discussing the operation of the polarization 
and analyzing sections. Difficulties with alignment become extremely important In. multiple angle of 
incidence ellipsometers which will be discussed in greater detail below. 

As can be appreciated, alignment problems, while raising issues of complexity and cost, can at least be 
addressed. A more significant problem with the prior art devices that has not yet been solved arises from 
the need to direct the beam at an oblique angle of incidence which effectively limits spatial resolution. As 
used herein, resolution is intended to be a measure of the smallest area within which Information can be 
derived. In the manufacturing of semiconductor devices, information about layer thicknesses within ex- 
tremely small areas is extremely desirable. However, because of the need to direct the beam at an oblique 
angle of incidence, it is impossible to tightly focus the beam using high numerical aperture optics. 
Significant efforts have been made to improve the resolution of ellipsometers. but to date, spot sizes below 
25 microns cannot be reliably achieved. As will be discussed below, the subject invention overcomes this 
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problem and permits measurement of spot sizes on the order of 1 micron. Furthermore, the subject 
approach is self-aligning thereby substantially simplifying the measurement procedure. 

There are a number of parameters which are used to define a semiconductor sample having a dielectric 
layer coated thereon. These parameters include the index of refraction and extinction coefficients of the air, 
thin-film layer and substrate, as well as the thickness of the thin-film layer. In practice, the extinction 
coefficients of the air and thin-film layer are negligible. However, this still leaves five sample parameters 
which can be unknown. In the ellipsometric devices described above, only two quantities »A and 5 are 
measured and therefore only two of the five parameters can be ascertained such that the other three 
parameters must be known. In order to solve for more of the unknowns, additional independent measure- 
ments must be taken. 

In the prior art, the need to obtain additional independent measurements has been addressed with 
multiple angle of incidence devices. (See, Azzam, page 320) In these devices, the angle of incidence of the 
beam is changed by varying the angular position of the laser generating components. Measurements are 
then taken at multiple angles of incidence. The multiple independent measurements allow additional 
unknown sample parameters to be calculated. Alternatively, the additional independent measurements can 
be used to calculate the unknown parameters with greater accuracy. 

One of the drawbacks of multiple angle of incidence devices is that in order to measure the reflected 
beam, the angle of the detection components must also be similarly adjusted to capture the reflected beam. 
As can be appreciated, the need to adjust the position of all of the components, makes accurate alignment 
even more difficult As will be seen belowi another Important advantage of the subject invention is that 
multiple angle of incidence eliipsometry can be performed without adjusting the position of the beam 
generation or collection components. 

Another problem with multiple angle of incidence devices is that they cannot be used tp measure 
relatively shallow angles of incidence. As the thickness of the thin film increases, information from these 
shallow angles becomes of greater significance. As can be seen in Figure 1, in order to obtain shallower 
angles of incidence, the light generating and collecting elements must be rotated up toward each other. The 
physical size and location of these components will make detection of angles of incidence of less than- 20* 
quite difficult. As will be discussed below, an ellipsometer formed in accordance with the subject invention 
can measure multiple angles over a wide range, from 70* down to and including 0* . 

Accordingly, it is an object of the subject invention to provide a new and improved ellipsometer 
configuration which is suitable for enhancing performance of all existing systems. 

It is still another object of the subject invention to provide a new and improved ellipsometer with 
enhanced resolution. ' 

It is still a further object of the subject invention to provide a new and improved ellipsometer which is 
self-aligning. 

It is still another object of the subject invention to provide a new and improved ellipsometer which can 
provide mutiiple angle of incidence measurements without actively changing the angle of incidence "the 
incoming beam. 

It is still another object of the subject invention to provide a new and Improved ellipsometer which is 
capable of determining muKlple unknown parameters of a sample. 

It is still a further object of the subject invention to provide an ellipsometer device coupled with a total 
power measurement for enhancing the calculation of sample parameters. 


Summary of the Invention 

In accordance with these and many other objects, the subject invention provides for an ellipsometric 
apparatus and method for evaluating parameters of a sample. The subject ellipsometer includes a means 
for generating a probe beam of radiation having a known polarization state. The means for creating the 
known polarization sate can be any of those found in the prior art. * 

Unlike the devices found in the prior art. wherein the probe beam is directed at an oblique angle to the 
sample, in the subject invention, the probe beam is directed substantially normal to the surface of the 
sample. The subject invention further includes a high numerical aperture lens for tightly focusing the probe 
beam lo a relatively small spot on the surface of the sample. This tight focusing of the beam creates a 
spread of angles of incidence with respect to the sample surface of individual rays within the focused probe 
beam. The apparatus also includes a means for analyzing the polarization state of the probe beam after it 
has interacted with the sample. The means for analyzing the polarization state can include any of the 
components known in the prior art. 
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In addition to the known components, the analyzing means of the subject Invention further includes a 
detector which functions to determine the angle of incidence with respect to the sample surface of various 
rays within \he incident probe beam. The angle of incidence of these rays will depend on th radial position 
of the rays within the reflected probe beam. More specifically, the rays In the center of the beam represent 
5 the lowest angles of incidence wiiile the radially outer rays within the reflected probe beam correspond to 
progressively higher angles of incidence. By comparing the polarization state of the incoming beam with 
that of the beam after it interacts with the sample, in relation to the angle of incidence, various parameters 
of the sample can be determined. 

The approach used herein generates a high spread of angle of Incidence without sacrificing the ability 
70 to tightly focus the beam. Moreover, the spread of angles of incidence allows multiple angle of incidence 
measurements to be made without adjusting the position of the components. Furthermore, since the 
reflected probe beam comes back up from the sample through the same focusing optics, the system Is 
essentially self-aligning. 

The concept of utilizing a high numerical aperture lens to gain high resolution as well as a large spread 

15 of angles of incidence with respect to the surface of the sample was first disclosed in applicants' co- 
pending application Serial No. 07/347.812, filed May 4, 1989, assigned to the same assignee as the subject 
invention and incorporated herein by reference. In the device disclosed therein, the intensity of the reflected 
beam is measured as a function of the angle of incidence with respect to the surface of the sample to give 
information about film thickness. The latter case relies on the interference effects created when the beam Is 

20 reflected off the sample. In contrast. In the subject invention, the change in polarization state induced in the 
beam as It reflects from the sample surface is measured. Accordingly, in tfie device described in the prior 
application, no specific measurement of the polarization state of the reflected beam was made. The 
approach described in the prior application can be extended to ellipsometry if the polarization state of both 
the incoming and reflected beams are measured as described herein. 

26 The accuracy of measurement of the parameters of the sample in tfie subject device can be enhanced 
if the total reflected power of the probe beam is also measured. More specifically, it is known that the 
reflectivity of the surface of the sample will vary approximately sinusoldally as the thickness of ttie thin-film 
layer varies. Ttius. unless the layer thickness is known to some degree, a specific thickness measurement 
cannot be derived from a reflectivity measurement along since any specific measurement would be 

30 consistent with a number of different layer thicknesses. These ambiguities can be removed if a very good 
approximation of layer thickness is first made using an ellipsometric approach as described above. Once 
the ellipsometric measurement is made, additional data taken by measuring the total reflected power of the 
beam can be used to refine the measurement of layer thickness. This added sensitivity is a result of the 
fact that tile signal to noise ratio of the measurement of the full power of the beam will be much better than 

35 the measurement where only portions of tiie beam, at discrete points corresponding to a specific angle of 
incidence are measured. 

Further objects and advantages of tiie subject invention will be apparent from the following detailed 
description taken in conjunction with the drawings in which: 

40 

Brief Description of the Drawings 

Figure 1 is a simplitied block diagram of a generalized form of a prior art ellipsometer device. 
Figure 2 is a simplified block diagram of an ellipsometer device fomned in accordance with the 
45 subject invention- 
Figure 3 is a diagram of a focused probe beam enlarged with respect to Figure 1. 
Figure 4 is a plan view of the surface of a photodetector which can be used to carry out the method 
of the subject Invention. 

Rgure 5 is a diagram Illustrating the relationship between the reflected rays and the photodetector. 
50 Rgure 6 is a diagram of a test sample defined by a silicon semiconductor wafer having a tiiin film 

silicon dioxide layer on the surface. . 

Rgure 7 is a schematic diagram of the preferred embodiment of the subject invention. 

Detailed Description of the Preferred Embodiments 

55 ~ 

Referring to Figure 2, there is illustrated In schematic form, the basic apparatus 30 for carrying out the 
method of the subject invention. Apparatus 30 includes a laser 32 for generating a probe beam of radiation 
34. The probe beam is passed through a polarization section 36 which can include any of the components 
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known in the prior art. For example, polarizing section 36 can include a linear or circular polarizer and a 
birefringent quarter wave plate compensator. As Is well known, certain lasers themselves are designed to 
emit light of a known polarization. Such a laser might be used to eliminate the need for a separate polarizer 
section 36. In either case, the combination of the laser and polarization section must result In a known 

5 polarization state for the probe beam 34. 

After passing through the polarization section 36. the probe beam is reflected downward by a beam 
splitter 38 towards the sample 40 having a thin, optically transmisslve film layer 42 thereon. As illustrated in 
Figure 2, the beam is directed substantially normal to the surface of the sample. In accordance with the 
subject invention, beam 34 Is tightly focused on the surface of the sample 40 with a high numerical aperture 

10 lens 46. 

After the probe beam reflects off the surface of the sample it is reflected back up through beam splitter 
38 Into analyzer section 48. Once again, analyzer section 48 can include any of the components found in 
the prior art. For example, these components can include linear or circular polarizers and linear or circular 
analyzers. In a null ellipsometer configuration, the function of the polarization section and analyzing section 

75 is to Introduce equal and opposite phase shifts to those caused by the reflection at the sample surface. By 
properly adjusting the components, the light reaching detector 50 can be minimized. Information about the 
position of the elements in the polarizing section and the analyzing section are supplied to a processor 52 
for calculation of sample parameters by the methods used in the prior art. In a photometric approach, signal 
minimization is not required, and the output of the photodetector is compared with the azimuth angles of the 

20 various components in the polarization section and analyzer sections. 

In accordance with the subject invention, the detector and processor are an-anged such that information 
about the angle of incidence with respect to the. sample surface of rays within the incident probe beam are 
determined based on the radial position of the rays within the reflected probe beam. The ability to extract 
this information can be appreciated by reference to Figures 3 and 4. 

25 Rgure 3 illustrates lens 46 focusing the probe beam 34 on the sample 40. The reflected beam is shown 
impinging on detector 50. It should be noted thait in Figure 3, the beam splitter 38 and the analyzer section 
48 have been omitted for clarity. 

Rgure 3 also Illustrates Individual rays within the incident focused probe iDeam. As can be seen, where 
the beam 34 is directed substantially normal to the surface of the sample, the incident focused beam will 

30 include a center ray 60 substantially normal to the surface of the sample. The focused beam will also 
include outer rays 66A and B having a maximum angle fl^ of incidence with respect to the surface of the 
sample. (In three dimensions, rays 66A and B correspond to a cone of light.) The angle of incidence of the 
outer rays 66 are dependent upon the numerical aperture of lens 46. This maximum angle 6^ is given by 
the following equation: 

35 (4) sin On = (numerical aperture). 

Thus, the location of any ray in the reflected probe beam corresponds to the sine of the angle of incidence 
of the associated ray in the focused incident probe beam. For example, symmetric rays 64A and B illustrate 
an angle of 30* while symmetric rays 62A and B represent an angle of incidence of 15* . 

Lens 46 is selected to have a high numerical aperture thereby maximizing the sjDread of angles of 

40 incidence. In practice, a lens creating a spread of angles (from the center ray to the outermost ray) of at 
least 30* is desired. A len^ having a numerical aperture of 0.5 will provide such a spread of rays. In the 
preferred embodiment, a lens havino a .95 numerical aperture is used which gives a spread of greater than 
70*. 

As noted above, after the beam reflects off the surface of the sample it is directed back up through the 
45 lens 46 to photodetector 50. The surface of photodetector- 50 Is shown In cross section In Figure 3 and in 
plan in Figure 4. Photodetector 50 includes a plurality of individual discrete detecting elements the outputs 
of which can be supplied to processor 52. 

In accordance with the subject invention, the detector 50 and processor 52 function to measure the 
intensity of the reflected probe beam as a function of the angle of incidence of rays within the focused 
50 incident probe beam. This result can be appreciated ■ through an optical pathway analysis illustrated in 
Figures 3 and 4. As can be seen, the center element 70 of detector 50 v/III receive and measure the light 
intensity of ray 60 passing through the center of lens 46. Accordingly, the output of detector element 70 will 
correspond to a ray having an angle of incidence of O' , The radially outer elements 76 A-D on detector 50 
receive and measure the light Intensity of rays 66A and B which have the greatest angle of incidence. As 
55 noted above, this angle of incidence is known based upon the numerical aperture of lens 46. Discrete 
elements 72 A-D and 74 A-D correspond to angles of incidence between o' and the highest angle. In the 
illustrated embodiment element: 74 A-D are located in a manner to receive and measure rays 64A and B 
having an angle of incidence of 30 ' while discrete elements 72 A-D are located in a manner to receive and 
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measure rays 62A and B having angle of incidence of 15*. 

In the most basic form of the subject Invention, information atwut parameters of the sample can be 
calculated based on a single angle of incidence measurement. In this case, It is only necessary to take 
measurements at one radial position within the beam. Thus, for example, if an angle of incidence of 30* Is 
5 selected, the detector can be limited to having discrete elements at one or more radial locations as 
illustrated by elements 74. Clearly, if more elements having that radius are provided, the accuracy of the 
measurement obtained by the system can be enhanced. 

The mathematical approach used in analyzing the subject system will be explained below with 
reference to Figure 5. Figure 5 illustrates a coordinate system in the plane of detector 50 which defines the 
10 poiarization state of a circularly polarized beam incident on the sample. Element 78 represents one detector 
element located at a point d sin e where d is the working distance of the lens 46 and Q Is the angle of 
incidence of the reflected ray. 

With circularly polarized light [(Eo (ex + iOy)] focused onto a reflecting surface through an objective with 
a working distance d, the spatially dependent reflected electric field. Er (0.*) after passing back up through 
15 the objective can be written in the form: 

(5) Er(0,*) = Eo e**[ei Rp + i ez Rs] 

where Eo is the amplitude of the incident field. ei and Zz are unit vectors along the axes depicted in Figure 
5. Rp is the complex p-wave amplitude reflection coefficient and Rs is the complex s-wave amplitude 
reflection coefficient. Rp and Rs are functions of the angle e and Independent of 4>. 
20 In terms of the ellipsometric parameters ^ and 5 we have for this reflected field 

(6) Er = Eo Rs e^*[ei tan ^ e'^ + 102] 


25 
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Where - I 5b I detines f 


and 


tan ^ « I i5b 


If we pass the reflected beam through a linear polarizer oriented along the x-axis. then the measured signal, 
Sk, is given by: 

(7) Sx= 2 |Rsp[tan20 + 1 +(tan 4,^-^) cos2^ + 2 tani^ sinfi sin2*] 

which Is periodic in 24>. This general expression can be simplified if actual measurements are taken at 
different angles These measurement could be made by rotating the detector so that the angle <f> is 
changed. As will be discussed below, with reference to the preferred embodiment, the optically equivalent 
effect can be achieved in a simpler fashion, by passing the beam through a rotating polarizer. 

In order to derive the first ellipsometric parameter \p, measurements can be taken at ^ = 0 and <^ = 
7r/2. The measured signal at = 0 is defined as follows: 

(8) S^(0) = |RsPtan2^ = |RpP 
The measured signal at <^ = W2 is given by: 

(9) Sx(7r/2) = |RsP and therefore the value for 

(10) tan^ t - 

50 In order to derive 5, we two additional measurements can be taken at ^ = W4 and at ^ = -7r/4. At </> = 
ir/4, the measured signal Is given by: 

(11) SkCttM) = J IRsPttan20 + i + 2tan sp sin B] 
and at ^ = -n/A the measured signal is given by: 

(12) SK(-ir/4) = J |RsP[tan2^ +^ - 2tamA sin5] 

55 Taking the difference between equations 11 and 12 we obtain: 
• (13) Sx(7r/4) - Sx(-W4) = 2 |Rsptan0 sin5 
and taking the sum of equations 1 1 and 12 we obtain: 
(14) SA-rJA) + Sx(-W4) = |Rsp[tan2^ + ^ 
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and ccKisequentiy 5 can be expressed as: 

(15) sin « -= S^{ic/A)-S^{^ic/A 
S^(ir/4)+Sj^(-ir/4) 


) [ 2 tan ^ J 


Since the value for \p has been obtained with.the first two measurements using equation 10, 5 can be 
calculated using equation 15 and the second two measurements. By using lock in detection and passing the 
reflected beam through a rotating linear polarizer, highly accurate measurements of the ellipsometric 
parameters ^ and 5 can be made. In addition, the e dependence provides a certain spectroscopic capability 
due to the variation of optical path length with varying 6 as discussed below. 

As noted above, multiple-angle-of-incidence (MAI) measurements is one method of increasing the 

,5 number of Independent ellipsometric measurements. In the Air-SiOa-SI system shown In Figure 6, for 
example, there are in general seven parameters that may need to be measured (no, ko. ni, t, ki, na, ka; 
where n and k are the real and complex components of the refractive Index and t.is the film thickness). In 
practice, ko and ki are negligible so that for this system only five parameters must be calculated. However, 
in a single-angle-of-incrdence measurement we obtain only two quantities; and a, and therefore can 

20 measure only two of the five parameters. By varying the angle of incidence e. additional ellipsometric 
information is obtained and all five of the parameters in the Air-SiOa-Si system can be measured. For very 
thin films (less than lOOA). some care is required in choosing the incident angles in order to obtain 
independent information and for optima! measurement, the number of angles chosen should be large 
enough to offset the effects of noise in the data. 

25 In the subject configuration, measurements at different angles of incidence are obtained by detecting 
rays at different radial positions within the reflected probe beam. The relationship between the location of 
the detector elements with the angle of incidence of rays within the probe beam with respect to the sample 
surface^ Is defined during calibration of the instrument When using a numerical aperture lens of 0.95, angles 
from 0* to 70* are readily accessible and consequently the ellipsometric information necessary to con-ectly 

QO characterize the Air-SiOa-Si system Is available. It should be noted that this full spread of angles is 
accessible without adjusting the position of the probe beam generating or collecting components. 

A difficulty encountered in the traditional MAI ellipsometers is that the measurement of the substrate 
optical properties becomes increasingly difficult as the film thickness increases (thickness greater than 
1000A). To overcome this problem, the spectroscopic aspects of the MAI measurements can be utilized. 

35 This approach is not true spectroscopy since the wavelength of the probe beam is not changing. However, 
variations do occur in optical phase as the beam passes through the SiOz layer with varying angles of 
incidence that is equivalent to changing the wavelength at a fixed angle of incidence. The optical phase # 
as a function of $ can be written as 


(16) « ^^'^l^ 

where 


(17) Me) - ^ o 


^ ^ 2 


and Xo is the fixed wavelength of the laser. 
At 70* with no = 1. ni = 1.46 
(18) X (70) = 1.31 Xo 

so that with x- = 6328A the effective range of wavelength is between 6328 - 8290A. 

Having described the basic theory and operation of the subject's invention, one preferred apparatus 300 
for carrying out the measurements will be described with reference to Figure 7. In Rgure 7, oarts equivalent 
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to the structure shown in Figures 2 through 4 are numbered the same. Figure 7 illustrates the optical 
pathways of the apparatus. It should be noted that the components shown m Figure 7 herein are quite 
similar to those described in applicants' prior pending application Serial No. 07/347,812, filed May 4. 1989. 
The principle difference is the presence of additional components for varying and isolating the polarization 
5 state of the reflected probe beam. 

As noted above, laser 32 generates an output beam 34. Laser 32 can be a lineariy polarized helium . 
neon laser haying a 5 milliwatt power output and a polarization oriented at 45*. Beam 34 could also be 
generated by a semiconductor diode laser. Beam 34 Is passed through a polarizing filter 302 oriented at 
45* to insure only 45* polarized light is transmitted. This light is then passed through a faraday rotator 304 
10 for rotating the polarization an additional 45* to prevent spurious reflected helium, neon radiation from being 
reflected back into the helium neon laser. This arrangement reduces instabilities In the power output of the 
laser caused by spurious reflected HeNe radiation. Beam 34 is then passed through a polarizing filter 306 
oriented at 90* to further reduce spurious reflected radiation from going back into the laser. 

The beam 34 is then reflected downward by a 95% metallic coated glass turning mirror 308 and into a 
15 beam expander/spatial filter arrangement. This arrangement includes an input lens 310 and an output lens 
^12. A pin-hole filter 314 Is provided to improve the beam profile and Its uniformity. The beam that exits 
lens 312 Is expanded by the ratio of the focal lengths of lens 310 and lens 312. 

In accordance with the subject Invention, a component 315 is provided which defines the polarizing 
section 36 of Rgore 2. In the Illustrated embodiment, component 315 is defined by a fixed, birefringent 
20 quarter wave plate which converts the linear polarized light into circulariy polarized light. This element is 
often referred to in the ellipsometric texts as the compensator. 

The circulariy polarized beam 34 is then turned with a metallic coated glass beam splitter 316 having 
an 20% transmission and 80% reflection. This beam splitter is used to combine the HeNe probe beam and 
white light from source 318. The white light is used to image the sample using a vision system described in 
25 greater detail below. 

The probe beam is then directed downward towards the sample by a metallic coated glass beam 
splitter 320 having a 60% transmission and 40% reflection. This beam splitter also functions to turn the 
white light down towards the sample. Upon return from the sample, part of the probe beam passes up 
through the splitter 320 and will be collected by the detector 50. Some of the white light from source 31 8 

30 will be reflected back to the vision system. 

The probe beam is focused on the sample through the objective lens 46. Lens 46 has a high numerical 
aperture so the various rays in the focused beam will have a wide spread of angles of incidence. In the 
preferred embodiment, lens 46 has a numerical aperture of .95 generating a spread of angles of incidence 
of greater than 70 * . The position of lens 46 is controlled by an autofocus mechanism 322. As noted above, 

55 beam 34 is focused to a spot size less than 1 micron in diameter on the surface of sample 40. The sample 
40, which may be a silicon semiconductor with a thin film oxide layer, is mounted on a stage which 
provides X, Y and rotational positional movement The top stage 324 provides , rotational movement as well 
as a vacuum chuck for holding down the wafer. Stages 326 and 328 provide X and Y linear movement 

Light from the HeNe probe beam and white light that is reflected from the sample passes through beam 

40 splitter 320 into the analyzing section of the subject ellipsometer. In the preferred embodiment, the 
component 330 of the analyzer section is defined by a rotating polarizing filter. Rotating polarizing filter 330 
functions to select the polarization axis to be sampled by the detector 50. The polarization orientation 
selection occurs at twice the rotation rate of the rotating filter. 

The continued transmission of white light past filter 330 is restricted by a band pass filter 332 which 

45 transmits only the 633 nm HeNe wavelength radiation. A portion of the HeNe probe beam is then redirected 
by a metallic coated glass beam splitter 334 to beam profile detector 50. Beam splitter 334 has a 20% 
transmission and an 80% reflection. The reflected light from beam splitter 334 is expanded by lens 336 and 
imaged on detector 50. Detector 50 can be defined by a diode array, CCD camera, scanning pin-hole or 
fiber optic sensor, array. Preferably, detector 50 has detector elements which are radially positioned in a 

50 two-dimensional array in a manner to extract Information about reflected rays at spedfic angles of 
incidence. The output of detector 50 is supplied to the processor 52, Information about the azimuthal 
, position of rotating polarizing filter 330 is also supplied to the processor. As noted above, the effect of 
rotating the linear polarizer is optically equivalent to rotating the' detector so that the ellipsometric 
parameters can be derived as discussed above. The actual calculations will depend on the particular 

65 polarizing components that are selected. 

As mentioned above, the accuracy of the thickness measurement can be further enhanced by 
measuring the full power of the reflected probe beam. In the embodiment Illustrated in Figure 7. a separate, 
single cell photodetector 340 is provided for that purpose. A small portion of the probe beam is directed to 
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the detector 340 by metallic coated glass beam splitter 342. A lens 343 can be used to image the full beam 
onto the surface of the detector 340. In this manner, the probe beam will underfill the detecting surface so 
that the full power of the beam can be measured. 

In the illustrated embodiment, an autofocus mechanism is provided. Autofocus mechanism includes a 
bi-cell photodetector 344 and a chopper wheel or moving Foucault knit, edge 348. An autofocus lens 346 is 
provided for focusing the probe beam onto the chopper wheel 348. An autofocus field lens 347 can also be 
provided. Autofocustng using these types of components is known in the art. 

In order to insure proper calibration, the output power of the laser 32 must be monitored. This result is 
achieved using a detector 360 upon which a part of the probe laser beam 34 Is directed. A band pass filter 
364 is provided to remove white fight from the HeNe probe beam. Lens 366 is used to image the beam 
onto detector 360. 

In the illustrated embodiment, apparatus 300 includes a vision system to allow the operator to locate 
points bri the sample. The vision system includes a white light source 318 and a colllmating lens 370. A 
portion of the white light returning from the sample is directed downward to a camera 374 by a 50/50 beam 
splitter 376. Some form of filter 378 can be provided to control the amount of HeNe probe beam radiation 
failing on the video camera. Lens 380 focuses the image of the sample onto the camera. 

The basic operation of the apparatus 300 is the same as set forth above with respect to Figure 2-4. The 
detector 50 and processor 52 function to measure the intensity of the reflected probe beam as a function of 
the angle of Incidence of the rays In the incident focused probe beam based on the radial location of the 
rays within the reflected beam. Multiple angle of incidence measurements can also be taken, Calculations of 
sample parameters are based on the measured light intensity and the azimutha! position of the rotating 
polarizing filter. The calculations can be refined by measuring the full power of the reflected probe beam 
measured by detector 340 in the manner described in applicants prior application Serial No. 07/347,812. 

The preferred embodiment illustrated in Rgure 7 can be easily modified to con-espond to other known 
ellipsometric approaches. For example, the polarizing section can be expanded with the addition of a 
rotating polarizing filter 390 (shown in phantom). Filter 390 would function to pass only linearly polarized 
light whose polarization is oriented with the transmission axis of the rotating polarizing filter. The frequency 
of rotation of the polarization axis is twice the rotation rate of the rotating filter. 

As can be appreciated, the preferred embodiment utilizes a photometric ellipsometric approach. It is 
within the scope of the subject invention to arrange the polarizer and analyzer sections to perform null 
ellipsometry. It is also within the scope of the subject Invention to combine the detector and analyzer 
sections as taught by U.S. Patent 4,725.145 to Azzam. cited above. 

In summary, there has been disclosed a new ellipsometric method and apparatus which provides 
greatly enhanced spatial resolution. As described above, a probe beam, having a known polarization state, 
is tightly focused and directed substantially normal to the surface of . the sample. The polarization state of 
the probe beam is analyzed after it interacts with the sample. In addition, the angle of incidence of at least 
one ray in thie reflected probe beam is determined based on the radial position of that ray within the 
reflected beam. Multiple angle of incidence measurements can be made by using a plurafity of rays within 
the reflected beam at different radial positions. 

While the subject invention has been described with reference to the preferred embodiments, various 
other changes and modifications could be made therein by one skilled in the art without varying from the 
scope or spirit of the subject invention as defined by the appended claims. 


Claims 

1. An ellipsometric apparatus for use with a sample comprising: 

means for generating and directing a probe* beam of radiation/ of a known polarization state, substantially 
normal to the surface of the sample: 

means for focusing the probe beam such that various rays of said focused probe beam create a spread of 
•angles of incidence with respect to the sample surface; and 

means for analyzing the polarization state of at least one ray in the probe beam alter it has interacted with 
the sample, said means further functioning to determine the angle of incidence with respect to the surface 
of the sample of said one ray based on the radial position of the ray in said probe beam. 

2. An apparatus as recited in claim 1 further including a processor means for evaluating parameters of 
the sample based on the polarization state detected by said analyzing means of rays of at least one angle 
of incidence with respect to the surface of the sample. 

3. An apparatus as recited in claim 2 wherein said processor means evaluates said sample parameters 
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based on the polarization state of rays corresponding to a plurality of angles of incidence with respect to the 
surface of the sample. 

4. An ellipsometric apparatus for use with a sample comprising: 

means for generating and directing a probe beam of radiation substantially normal to the surface of the 
sample; 

means for polarizing said probe beam; 

means for focusing the probe beam such that various rays of said focused probe beam create a spread of 
angles of incidence with respect to the sample surface; and 

means for analyzing the polarization state of at least one ray In the probe beam after it has interacted with 
the sample, said means further functioning to determine the angle of incidence with respect to the surface 
of the sample of said one ray based on the radial position of the ray In said probe beam. 

5. An apparatus as recited in claim 4 wherein said analyzer means includes a detector for measuring 
the Intensity of at least one ray of the probe beam whereby in operation said polarizing and analyzing 
means are adjusted so that the intensity of that probe beam ray reaching the detector is varied. 

6: An apparatus as recited in claim 5 wherein said polarizing and analyzing means are adjusted by 
rotation about an azimuthal angle with respect to the surface of the sample. 

7. An apparatus as recited in claim 6 wherein polarizing and analyzing means are adjusted to minimize 
the intensity of the probe beam ray reaching the detector. 

8. An apparatus as recited in claim 4 wherein said polarizing means includes a linear polarizer and a 
compensator to create elliptically polarized radiation having a known polarization state and wherein said 
analyzing means Includes a rotatable analyzer for detecting the linear polarization components in the probe 
beam. 

9. An apparatus as recited in claim. 4 wherein said analyzing means includes a detector having an array 
of sensing elements located at different radial positions, each said sensing element generating a signal 
proportional to the light intensity falling thereon, and with the radial position of said elements corresponding 
to specific angles of incidence with respect to the surface of the sample of rays within the reflected probe 
beam. 

10. An apparatus as recited in claim 4 wherein said focusing means creates a spread of angles of 
incidence, from the center ray to the outermost ray, of at least 30 degrees. 

11. An apparatus as recited in claim 4 wherein said focusing means is a lens having a numerical 
aperture of at least 0.5. 

12. An apparatus as recited in claim 4 wherein said probe beam is focused to a spot size of about one 
micron or less in diameter on the surface of the sample. 

1 3. An apparatus as recited in claim 4 further including a processor means for evaluating parameters of 
the sample based on the polarization state detected by said analyzing means of rays of at least one angle 
of incidence with respect to the surface of the sample. 

14. An apparatus as recited in claim 13 wherein said processor means evaluates said sample 
parameters based on the polarization state of rays con'esponding to a plurality of angles of Incidence with 
respect to the surface of the sample. 

15. An apparatus as recited in claim 13 further including a means for detecting the full power of the 
reflected probe beam and wherein said processor means derives information about the parameters of the 
sample based upon both the polarization state of a ray in the reflected beam at a known angle of incidence 
and the full power of the reflected probe beam. 

16. An ellipsometric method of use with a sample comprising the steps of: 

focusing a probe beam of radiation, having a known polarization state, substantially normal to the surface of 
the sample in a manner to create a spread of angles of incidence with respect to the sample surface; and 
analyzing the polarization state of at least one ray in the probe beam after It has Interacted with the sample 
and determining the angle of incidence with respect to the surface of the sample of said one ray based on 
the radial position of the ray in said probe beam. 

17. A method as recited in claim 16 further including the step of evaluating parameters of the sample 
based on the polarization state and angle of Incidence of said one ray. 

18. An apparatus as recited in claim 17 further including the step of evaluating parameters of the 
sample based on the polarization state of rays corresponding to a plurality of angles of Incidence with 
respect to the surface of the sample. 

19. A method as recited in claim 16 further in the step of detecting the full power of the reflected probe 
beam and wherein the step of evaluating further includes deriving information about the parameters of the 
sample based upon both the polarization state of a ray in the reflected beam at a known angle of incidence 
and the full power of the reflected probe beam. 
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20. A method as recited in claim 16 wherein said spread of angles of Incidence of said focused probe 
beam is at least 30 degrees from the center ray to the outermost ray. 

21. A method as recited in claim 16 wherein the probe beam Is focused to a spot size of about one 
micron or less in diameter on the surface of the sample. 
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